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UPERCRITIW CO2 (SC-CO3 exmction of oikads is 
a viable ahanative to expelier andkx hezane aznczion 

mahodsFmokumsolvenrslackthededxeds0Iurcsped8ciy 
iUldOftihKCCpk atensive~~gtoproducc 
quality oil and meal. At 50-Z and 8,000 psi, rx$lycaida are 
only pardally soluble in SGCO2, while at 80° and 12,000 
they are compleocly m&&k A semicontinuous CO2 
auactiorJsyscembdescdbeclthafanp~ncycllnescC~ 
at3,ooopsi~au0wf0fnaibuiryin excncdon of several 
vessds. either in series or pu?uel. 

son of cnrde soyban, corn and cottonseed 
oilsarmcIedundercheseconditions,shownoinaa8ein 
free hny acids phosphoiipkls, or color at dxte higher 
extmcdontempencwesand&vorquaUtyismainnined.By 
lxlaaaq SC-c@ acmcdon condidoN (1600 gIlI fl?lpa 
O.M.75IbsC~lmm)fromH)*C~8,000psiro80*6md 
Lz.008 psi auacdoncimayereducedknnsewx&ham3 
tooliaIeastal micuua scco, axaerionofcoaonxed 
u80°CladK,ooO~yktdscndco~~l.2pepcent 
wdghtfnse6uyacidsanda lJDv&od red of 20 (5-W” deprh). 
SC-Co2 atlazed COnQMeed oil shows no tendency lo 
undago color fixation wbiie iu sxonge 

Because of their low gum contenf4 SC-COz atraaed soy 
andcomoilsanbesreamre6nedtoyieidabhndfhor-abk 
edible oil. Ahbough X-CO2 auaaaiconoMeedismodark 
forstanl.dwng#thecnrdccottonrecdoilcmberrflntd 
witiO.1 paccncarasoftenpacenraubcroyidd98 
per cent ncucd oil. 

XRTBODUCTIOW 

Therchasbeenagratde&ofineerestinsupe=itiditluid 
~ogyin~epyrtenyamasevidaICedbytheti~~C 
&cmxeandpopubraHdcsinnrmraats news journ?b One 
of the more acdve are3 hndves rhe atraction of oikeds 
(l-16) with superaiti carbon dioxide (SCCOd Because 
cozispresendyusedinfoodpnnlwssuchascybortlud 
~itis~~regadedasn.deso~vau(GRAS)for 
atraction of a variety of agriculnml produce, hdmg 
c&weds. Mditiond advantages of SC-CO2 incf~ds irS 10~ 
cost, lack of fiammabiiiy, and use of sepantion from 
anacted products by phase sepmtion. 

PmeessGmsi&ntiomM 
The most cxmordinary property SC-CO2 ahibits is iu 

amity to ciissolve seed oils in all proportions at =mpenmu= 
above80°Cmdp- of 12,000 psi (figure 1). During 
the superaidai acnction of the seed oil, the measured 
soiubilidcs will cake on finite values which arc COnsi-b’ 
less than the potential solubilicy of the oil in the dense gas 
phase This is beausc the recorded solubikies are a funcdon 
Of the nci0 of available oil in the seed ro the SC-CO2 present 

in the cxcnaion vessd. 
For exzunpk if the exmction vcisd contained 100 g of soy 

flakes (20 pa cent weight oil) and 100 g of SCCO1, the 
maximum measured solubiiiry would be 20 per cent, not the 
theorcdcaily possibie 100 per cent, as predkted by the phase 
dfisnm. 

TbiUUSnBZWSphCSJOmenz,ul~tw?sCOndUCXCd 
in which six one-inch 0-D. x 22 inch-high pressure cubes 
werefikdwithsoybeanflakesandpkcedinseries~th 
respect co the flowparb of the SCCO2. Unction was 
commenced at 12,000 psi and 90’ C and under chae 
con&ions the initial flux of the oil into the SCCS, 

pea !naxhnum solubility (wt. oiuwc. oil + wt. co, 
pzpl) of 20.5 per cat. Upon raching a quasi-steady s~cue, 

axmioq apewent yidded an avenge soiubiiicy of 13.6 
pcrcm~anarnounesdllbdowthetheoredai~oil 
SolWry in sGco2. 

mis levci of Kcccmkd sohbiky ramiami fairly consum 
chrtx@oweheernacdonnmuntitubePfSveandsixbegan 
robedepIeredofoil. Rc3idualoiiandfnoistlue conamc of the 
emaction tuba ace reponCe iR Ilble’ I. Nore chat the oil 
conmt of the residual meal ranged fawn a value of 0.91 per 
cencincubeoneKo 17.9spercentincubesix. 

A similar aperimem was also conducted using Nt iniddly 
at a prasurr of 12,000 psi and 90’ C Under these conditions, 
soybean oil is only sparingly soluble in the gas phye; hence 
chearn0uncof0ilventtxifr0mtuhcsixintheni~strum 
was ncgtigiblc H0wevu whencheN~flowwastcrminaocd, 
and CO1 flow commenced into the cxuacmr mbeq the oil 
flux into the su~cid fluid phase was initially enh?nced 
toamvdmumi~of43wcightpercar,duetotheCOt 
colzpcring frah Oil as it mQIhd through the seed bed. 

rn- rcsuks document rhe appnxbble solvax power of 
SC-CO2 and the imporancc of the ndo of exuzranc co 
sohem (gas) in tie exuacmrvessei. ResiduaIoilandmoisture 
anaiysis on the six aaacdon rules utiiizcd in rhe latter 
cxpcziment ?LT given in Bbie I. 

Refc&ngagainroFigufe1,itisobviouschatattcmpecxcuber 
below 55’ C the soItiiiiry of trigiycerida in SC-COz is 
limited and shows a decreasing r;lfc of increase at highep 
presswes. Howcvq ahwe 60’ C the soiubiliry increases 
rapidly with prcssurc and at 70” C and 830 bar the verticality 
of the solubiiiy cmve indiates toal miscibility. AC so0 C and 
about 760 by the Same trend is recorded. 

Data from ccperimcnts conduaed in a stirred autociave 
further subsundace the solubiiity daa (IS). By the time the 
ideal pressure (760 bar) and tanpenture (SO0 C) are rached 
in the atnaion vessel, the uiglyceride is. for the most part, 
akadyacntxdfromchetWcdsccdandhasbetm 
transfered to the SC-CO2 phase This an be essaxwy 
removed with one cxchange of fresh SCC02, assuming 
cssenwy plug-flow with minimal mixing. 



FIGURE I: SOLUBILI-lT’ OF TRIGLYCERIDES IN SC-CO2 As A FUNCTION OF TEMPERATURE AND 
PRESSURE 

Solubilicy of Triglyceride in CO1 vs. Pressure 

‘UBlg 1: EXTRXTION OF SOYBEAN FLAKES WITH SC-C02’ 
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nw -- - 

Because of rhe high solubiiity of seed oils in SC-COz, it is 
possible co cxmcrcrushedandflakedorgroundseedvery 
rapidly by passing a stream of SC-CO2 &rough the seed 
matrix ac opdmum atraction conditions (12,000 psi, 80’ C) 
(8). Lowering the pressure as the o&CO2 solution leaves the 
acncmr allows the oil co condense in a suitable receiver and 
the CO2 may be vented, scored, or recycled. A four-liter 
v&selRlledwithsoyflakes(16OOgm)anbecuncredbythiJ 
mm& to a residual oil conrent of 0.5 per cent in eight 
minu~a at a CO2 flow rate of 125 to 190 l/min. Energy cosrs 
for compression and heat required for arncrion arc 
&tctiveiy offset hy total recycle of the CO2 at isothermal 
condidons. Rrc0very of oil is achieved by main-g a 
pressure of 3,000 psi and a texrqerature of 80’ C in rhc 
rccdvcr The Oil-lean &u (0.03 per cmt oil) is recompressed 
co amcdon conditions and is recycied IO the won 
vcssd.Theincrascdprusureassurcs thzrtheotiremainsin 
the dense-gas phase MOSt of the energy of compression is 

expended- LooOp6i(supply-Mk pressure )~d3,ooO 
psi. Above this pressure, the relacivcly dense CO2 behaves 
much like a liquid. and the costs of further compression co 
12.000 psi are nWim&d. Jikewhe the Joule-Thompson efpm 
(cooling effect) aused by decompression of the COz from 
12,000 psi to 3.000 psi in the recdver is aLso minimized, 
heause it is nor ?Ilowed to expand at pressurt~ beiow 3,000 
psi wha+ once a@.n. the cost of compression would be 
considenble 

The pressure drop is achieved by a vviabk back-pressure 
rdief vaivc The solute precipiutes and is c01lcrzd in chc 
feceIvcz The low-pressure CO~isrccycledchroughamass- 
flowmeter cn rhe compressor and hack chmugh the seed hcd. 
The cxmczion is judged complete when no more solure is 
cokxed in the rzeivcz Based on the weight of CO2 chat has 
passed though the mass-tlowmeur, the cxxncrion can be 
easily duplicated. 

The above concepts have resukd in cOnscnxr.ion of a 
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VeKsatAIe extnctionsymtn(flgure2)thatanbead0p~t0 
a variq of extraction configwtion~. For aampl~, wirh 
proper valve sequaxing, it is possibie to flow in patallel or 
series, in either dhfection, through the multiple extradon 

vesseAs.rheKhrce-vessclsysocmaAAowsLwovesseAsmkin 
the extra&on mode While the third is being emptied and 
refilled. 

The flow dAredOn m?y a& be revem& “momcnarily” to 

prevent packing of the seed bed. A second smaller auxiiiq 
gas supply and comproisot has becR integnted into the system 
(Egure 2), co tepAace the smdi amount of CO2 lost from the 
closed system due to the sampling of the ccuafx of system 
leakage A presswe gauge quipped with a ekctricconact 
bccisusedtointemqxpowertothecompmssorandactivur 
anakmatapresetpfeswresafetybeiowtheratedsystem 
PraJ- 

The high-pressure extfacdon side of the system consists of 
aAl components downs- from the main compmsoz up 
to and including the back-prasure reikf rrtve (BPRV). The 
minimumpresslue rating of these components is 20,000 psi. 
The four-liter A-286 fust raisprpssteeitioyatnctionvaek 
atetxedat30,ooop!siandarefktedwidlseif~mepl 
seaking had clasura. ThevaselsycalsofitredwiKhrupnue 
disc assemblies set at IS.000 psi. The II4 it&-high presswe 
vllvcs~dtubingwdinrhevsanblyyented~u,000 
psi. The low-ptessufe side of the sysrem includes the tecdKp 

(10.~ psi). the = flow meter (5,000 psi), uld w inch lo+ 
ptessufe vaks and tubing (10,000 psi) having larger bore to 
aammodhre flow rates approaching two lb of CO$min at 
2.500 to 3,000 psi. 

OilSd&inthAScaSesOyban%Uecrrckcd~ddChullea 
akMi~~qarepasscdthroughfMdngmilstoyidd~ 
with a thidcnas of about 0.01 inch. As flake thickness 
increzxs, oil yield decraw because of the inacccssibiiky of 
rhe oil to the CO2 (16). Comer&y, depending upon the 
fineness of the particles and the& oil contax, blockage of fiow 
can resuk at vq high solvent rses (16). 

Iiaazd’kseAs&B + C(figure2)uc&dwtth171akdsrrd 
~pl;cdneatilratundana~undontopofthe~bed 
to prevent pacticulates from being tnnspotwxl rhtoughour the 
system. The vessels are sakd an4 with the vent vaks 15 
and30doseatheentiresys~isllloancdtoflllwirhC02 
thwgllthenlacwlowtnetertounkplmueOf~PS(.~ 
CisisoIatedandwwisAandBarepnssusizcdtoK.MM.) 
psi.Afteratwtiontempentute(fM’C)istach&CO~is 
aikmed to flow from the compressor through ve59ds A and 
BtoIherrceiveruldb;ickrothecomp~L~cnAis 
complerrly crmcLt& Bisisola~andtheC~fromves& 
AisallowedtoquilibtatewithMselC.TheC02is~ 

PIGuaE 2: SEMI-COWI’INUOUS SUPERCRR’KAL COz-m ON SYSTEMS 



pumpedfmmva5elAa,Cundltheprcssufe InAdropsbeIow 
supply pressure Vessel A is then vented and the atracKed 
sqmtes temoved by vacuum. carbon dioxide is then drawn 
from rhe suppiy cylinder and compressed to complete the 
fmg of vessei C to 12,000 psi, l-he extraction now proceeds 
f~mBtoCunrilBisextl-;rcftdArthesvnetime,vesselA 
is refllkd with soyfhkc sealed and prepared for the third step 
(i.e. exaxtion from C to A), which completes one full cycle 
of this semicontinuous system. 
qppiitrOfOil8ObQipcd~S~ co, w-cw 
~-on of Oil8ctds at Hi@ Tempcmt-- 
andPl=88- 

Previous rcporrS have daaibed the quaky of oils ob- 
by SC-CO2 cmacti~n of dry- and wet-milled corn germ, 

soyfiaks, and cottonseed flake at low temperuurrs and 
pressures (1 - 8). T!4ble 2 presents the resuks of studies of these 
seed oils obtained (four liter Batch Auto&we) at optimum 
atnction ttmpemtues (70-90’ C) and pressure(12,OW psi). 
Included for comparison to the SC-CO2 extracted oils are 
typical products obtained from reliable commerciai sources. 
The crude-degummed soybean oil was obmined by solvent 
auacrion with haane while the dry-milled corn germ oil and 
cottonseed oil were recovered with expeiks. SC-CO2 
auaction of soybean and dry-milled corn germ yields crude 
oils quivaknr to or better than the commerciaUy processed 
crudes with rcrpect co colot, htty acid content, and refining 
loss. 

SupercridcaI CO2 amcrion of cocLod yields crude 

TAHLE 2: SC-CO, EXTRA07ON OF DRY-MILLED CORN GERM, SOY FLAKES AND 
COTTONSEED PUKES AT HIGH ‘~-EMPERATURES AND PRESSURE 
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oils having much lighter COlOK rhy! either prep& S0lVmC 
auactcdotarpdla-piocasedcnidumeiaaeroilsareofcm 
SQ da& &at their colors cannot be matched af the 5-l/4 inch 
depth in the Lovibond Colorimefer tubes and must be 
marched at one inch insrod. Even under the most stringent 
CR excracdon conditions (ir, 90’ C and lZ,O00 psi), crude 
cottonseed oils are light enough to be matched at rhe 5-114 
inch depth. 

Free http acid and phospholipids, the major componmu 
contibuting to refining losses. are both recovered with crude 
oils obnimd by solvent excmcrion or expeller pressing. On 
the ocher hana crude oils esrnued by SC-CO2 have only 
kee &ay acids. Phosphotipids are essex&My insolubly as 
shown by the low phosphorous contents of the 
C02-exwxed oils. Thus, C02-exaxted crude oils show 
lower refining losses and yield more nanuzi oil than solvent 
or expekr crud& The !ow solubiiky of phospholipids in SC- 
CO2 may be a potenti disadwuxige because phospholipids 
heip protea crude oils from oxirhdve dcrnionton in storage 
(7). Recent work has shown that the addition of phospholipids 
or phmolic antioxidano improve the oxidaive stability of 
co2-exwxed oils (13). 

crude c0tKmseed oii contains appreciable amoums of 
gossypol and other dark-coiored pigmmn (17) char must be 
removed in order to produce an edible produa. Wieh other 
factOK being qua& the CcIeelt of color removai in crude 

caustic soda employed in dining. In order to mm color 
t5p&8-~~Cd~OiiOrShO~~gOOd- 

quaiirycoaonsazdoilsmkynqu&0.5percmtace3saustic 
SOda (17). 

Thedamindlaringrhee&crofproaJsins on the co&r 
of crude cocrollseed oil acraaed with xc02 at 12400 psi 
and70-90*cyeshownia7kbk3.merc3u~shaaPth~~~ 
Little as 0.2 per cmt aces refining lye produce pfoducrs 
having acccpable colon. 

Expelkr- or SoivexeeB crude cocKmsad oil may 
contain 0.2 per cent gossypol, whereas SCCO2cxmcrcd oil 
(80’ C--12,00 psi) conuins aboue .02 per cent (6). No&y, 
the bulk of the highiy colored pigments are ranwed during 
p-g. StOnge Of Crude cOtt0eUeed oil increases color 
tkndon (1748). Upon hating or aunded sa~nge the colors 
become difEcuh or impossible fo ranovc The acax of color 
lkacionincotronseedoiIsamcted ac 12,ooa psi, at 
tem~of60-90’Cissh~inFigurr3zRgurr3? 
showsth?tfZWhiY- crudeoil(nosconegc)hadm¶ned 
COlOK in rhe four-&e ravihond red range hfm three wuiu’ 
sumige at 40’ C (104* F), color Rxacion cawed, but ~18 
IesSXVUCinOiiS azmcted;lrhighertempermurs. 

Flguxe 3b plots the x&n& colw against the uuaccion time 
me extent of color fkdon is &axty proporcionai to the 
residence time in the atractor (i.e. the longer the exnaction 
timg the grater the aunt of color fiation). 

-fXBLE 3: EFFECT OF PROCESSING ON COLOR OF 

SC-CO,-EXTRtCTED COTTONSEED OIL 

TXBLE 4s POTWTUL SAVINGS-REFINING OF C02-s 
COlTJNSEED OIL 

‘UBLH Sr QUALIlY OF OIL OBTUNED By SC-CO* 
-ON 3 



me processing of ~~mzuecd oil obtained by SC-CO;! att3,600,whicfiovera240~yo~gscficdulevnounts 
cxuaction offers some potential saving over that obuined by to f864,ooo. 
expeib and schax-atracu ‘on merhods. Ikble 4 compares Refining of crude apek- or solvenrtxulc ted cononseed 
the savings rdized In neuuxl oil yields and ausdc soda cost.~ Crude at 0.3 per cmf excess ausdc involves a cost of 
for a pIant refining 15 pnk cars (60,000 Ibskar) of oil per clay, ~1.26%ctay for the lys while an excess of 0.1 per cmc costs 
240 days a year. Assumptions are chat the crude cottonseed the refkr 3729, or a savings of S54OMay. Similar!~ over a 
oil contains 1.2 per cmt free fatty acids and it is to be refmed 240-&y operating yq a savings of Sl30.000 would be 
with tm per cmt austic soda 314’Be’ wirh 0.3 per cent 
excess for the expeller or solvent oil. and 0.1 per cat excess 

reaked. Thus, switching from solvent or acpellm to 

for the SC-CO 2-auacted oil. me cost of the retIning lye is 
Co+XKKCtiOn Of COwmsccd would yield a savings of nwiy 
WIOO,0OO@ear by decreasing the lye requirements and 

cak&sed to be three cmrs@ound bvcd on rcccnc figures. 
me value of refined oil is assucned to be 20 cenrs/poun& At 
a nvo per cent incrase in neutral oil from SC-CO2 atraction. 
an additionai 18,00O pounds of oil is obaincd per clay mkd 

increasing the yield of neuti oil. 
me quaky of corn oil, cocronseed oil, and soyban oil 

obuined at high extraction cempemrures and prcssm was 
investigared and rcsuks are shown in lkbie 5. Inc!uded for 

FIGURE 3: COLOR FIXATION IN SUPERCRITICAL CO2-EXTRACTED COTTONSEED OIL 
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cotllpvisotl are finished oils czmacdac50°Cand8,000psi. 

s&Id oils of good inkhi (0 time) q-Q will have a flavor of 
score 7.0-8.0 on a ten-point scale (ten = bland, one = 
attunc)a,atiwiuscoteaboutsi?tlftafourdyJ’s~unda 
s&au oven sttxage conditions (19). The results show that oils 
of good quaky an be prepared from crude oils SC-CO2 
attact& at high cenlpaaturcs. In addition after four days’ 
mxage at 60’ c, most of the fhvot scores aceed six. sc- 
C02-cxrmad soybean and corn oiis, because of thdr low 
gum and free fatty acid conrerm arc idd for sm refining; 
howevq c~ttonsced oil is too dark for steam r&n@. 
r.mibond colors of both causric- and steamyrefined SC-CO2 
crude oils ate much Ughcer than trading-rule specifications 
cm. 

Noevidcncewasfoundroindi~anyinau8einfmhrcy 
acicids, coiot, catning losses, or impairment of flavor subiiicy 
as a result of inming SC-CO2-atmcrion parames to 
70-90’ C and l2,OOO psi. 

J.H. Johnron a&s&cd wttb tie CO2 CXCtZtiOlYS. 
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